
- 

8 I 

f 
C 

- 

N10-155%2 1 (ACCESSION NUMBER) 

1 I 
i g 
I Y 

19 
(PAGES) 

t - 
= ! ,  U Ck - \\a337 

(NASA CR OR TMX OR AD NUMBER) I 2  
I! 

FRACTURE TOUGlDESS OF APT (LOX) 
DOME MERIDIAN WELDS FOR T'IB SATURN 8-IVB 

DAC 62138 

., r - 
_I 

- -1 

(THRU) 

(CATEGORY) 
SYSTEMS D/V/S/UN 



mwmsS4 OF m 
DOME mRlCBIA% WELDS FOR THE 'SA 

I 

Prepared by: W. A.  Rawe, D. E. Sckwab, 
R. S. Wroth and WI. Taketani 
Me-l;allles Branch 

PP"63mred f o r :  
37a%ionaE Aeronautics and 
Space A d m i n i s t ~ a t i o n  

/ 

1 

Mater ia ls  && MeLhods - 
Research 6 Engineering 

Catalog No. PDL 06945 



I 

I 
I 
i 

i 
I 

ACK10oWLEDOEmm 

The authore wish t o  recwnize  the valuable 

asbistence and advice provided t o  them during 
I 

1 

the period of t h i s  program by a number of 

i :' 
individuals, particularly, G.  V. Bennett, 

: E. V. Wysocki, P. W. Treater, J. L. Cook 

and D. A .  Eitman. 
I 

I 

/ 
/ 



ABSTRACT 

A t e e t  program was undertaken t o  determine the e f fec ts  of cracks i n  

the mr id ian  wolds of the SA S-3333 A f t  (LOX) D m .  Panels of 

2014-6 were fabricated on production and on laboratory K G  xolding 

f ix tures  using 4063 f i l l e r  wire. The panele, aontaining a r t i f i c i a l  

cracks i n  the welds, were tested a t  7 0 ' ~  and st - 3 2 0 ~ ~ .  Some panels, 

tes ted a t  -320°F, were loaded t o  a proof stresr, l eve l  a t  70% prior 

t o  tes t ing .  Both s t a t i c  and cyclic t e s t s  were performed. The ef fec ts  

of repair  welding, panel width, and crack s ize were examined. It wae 

found tha t  partial-thickness cracks extend on r i s ing  load, a phenomenon 

promoted by the presence of bending. Very deep partial-thickness cracks 

can extend and penetrate the thickness causing a leak. It was concluded 

t h a t  the current proof t e s t  of the S-LVB LOX tank, followed by post- 

/ p r o o f  inspection and leak tes t ing  of the velds, provides adequate 
, I 

! ' assurance tha t  the LOX don. i s  safe under operating conditiona. 
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Ag = Gross cross-sectional mea of t e s t  section = width X thickness 

An I M e t  cross-sectional m a  of t e s t  section 3 Ag - AC 

I % P, I n i t i a l  crack depth (before proof t e s t ing )  
I 

(4 P P Final crack depth a f t e r  proof tes t ing  

B .B Thickness of flawed region (e-g. ,  shaved weld) 

*ci P I n i t i a l  crack length (before proof tes t ing)  

I *CP = Mnal  crack length a f t e r  proof t e s t ing  
I 

EDM Elec t r ica l  discharge machining 

I 
I E t  

P Elast ic  (young's) Modulus i n  tension 

Kc = Cr i t i ca l  s t r e s s  in tens i ty  fo r  plane-stress conditions based on 

k~ = Cr i t i ca l  s t r e s s  in tens i ty  f o r  plane-stress conditions based on go 
I 
I 

XI = Plane-strain stress in tens i ty  

I -'-%.,..... ..-. ,.v..., 

1 K1cg = Plane-atrain fracture toughness based on ogf = 1.1 agf & a p / ~ g f  
-. .---- .... .-"- 

Kxc (ne t )  = Plane- s t r a i n  fracture toughness based on anf = 1.1 onf & a p / ~ n f  

ie a Length of through-crack immdiately pr ior  t o  fracture 

l o  P Length of i n i t i a l  through-crack (pr ior  t o  t e s t ing )  

MRA P Magnetic Reaction Analyzer (eddy-current device) 

P = Load a t  f rac ture  

Qg f = Crack shape parameter based on gross fracture (or cycl ic)  
s t r e s s  and yield strength a t  t e s t  conditions . 

Qnf = Crack shape parameter based on net f racture (or cycl ic)  
s t r e s s  and yield strength a t  Lest conditions 

S/P = Single pass 

W = Specimen width 

19 Q 
= O r o s ~  section stress = ~ o a d / ~ ~  

O63f 
= Gross fracture strength = Fracture ~ o a d / ~ ~  

v i i i  



a g ~  = Gross proof stmas = Proof l o s d / ~ ~  

an P Het section stress = ~aad/h, 

bnf = Net fracture strength = Fracture L O R ~ / A ,  

uo P Operating stress 

b n ~  = Net proof stress x Proof  load/^,, using ap and 2ep 

cry - Fty = Yield strength 

6 = Geometric crack shape correction factor 



This t e s t i n g  program was i n i t i a t e d  t o  determine the  a b i l i t y  of the  

cu r ren t  proof t e s t  t o  d e t e c t  pre-exis t ing  defec ts  i n  the  meridian 

welds of the  a f t  (LOX) dome of the  SATURN S-IVB. A r t i f i c i a l  de fec t s  

of var ious  s i z e s  were generated i n  welded 2014-6 panels and the  

panels were loaded under condi t ions  simulat ing proof t e s t i n g  and 

f l i g h t  of the  LOX tank. Production welding procedures f o r  t h e  

a f t  dome meridian welds were employed i n  preparing the  t e s t  panels. 

1 The r e s u l t s  of the  t e s t s  were analyzed t o  predic t  t h e  minimum 
i 

I 
t d e f e c t  s i z e s  which cause crack propagation t o  occur a t  s t r e s s e s  
I 

corresponding t o  proof and f l i g h t  loading. 

Proof t e s t  of the  LOX tank i s  conducted by hydros ta t i c  pressur iza t ion  

with water. A t  maximum proof pressure the  meridian weld experiences 

a ca lcu la ted  stress of 18.6 k s i  normal t o  the  weld. Panel t e s t s  

s imula t ing  proof condi t ions  were t he re fo re  performed a t  room temp- 

e r a t u r e .  During f l i g h t ,  the,  meridian weld can experience a maximum 

stress of 25.2 k s i  a t  t h e  temperature of l i q u i d  oxygen, -298'~. 

Panel  t e s t s  s imula t ing  f l i g h t  condi t ions  were conducted i n  l iqu id  

n i t rogen a t  -320 '~ .  



Weldments from which the  s e v e r a l  types of t e s t  specimens were excised were 

p m m r e d  both  i n  the  Welding Developwnt Laboratory and i n  t h e  manflacturing 
! 

i d e p a r t m n t s *  I n  e i t h e r  case welding procedures ~ n d  parameters conformed t o  

t h e  process d e t a i l e d  i n  s p e c i f i c a t i o n  DPS 14052. Br ie f ly ,  t h i s  cons is ted  

of a square b u t t ,  s i n g l e  pass, MPG weld i n  2014-6 aluminum a l l o y  shee t  

I using 4043 a l l o y  f i l l e r  metal. A f t e r  welding, the  weld metal reinforcement 
t 

1 and underbead penet ra t ion  were removed f l u s h  with t h e  parent  metal surfaces  

I 
i by shaving and sanding. A l l  welds were inspected by v isual ,  penetrant ,  and 

1 
X-ray methods t o  t h e  q u a l i t y  requirements of DPS 14052. Only those welds H 

i meeting these  requirements were used t o  f a b r i c a t e  t e s t  specimens. 

A l l  of the  labora tury  welds were used i n  the  weld land phase of t h e  0 
i nves t iga t ion .  These were 30-inch long by 15-inch wide welded panels i n  

0.221-inch t h i c k  sheet .  The m a t e r i a l  was chemically mil led p r i o r  t o  welding 

t o  a membrane th ickness  of 0.133-inch s t a r t i n g  1-9116-inches from the  b u t t  

j o i n t  i n t e r f a c e .  Welds were made both from the  chem-milled s ide  of the  

j o i n t ,  and from the  f l a t  s ide  according t o  the  p a r t i c u l a r  need of the  

specimens t o  be t e s t e d .  Virgin welds only were prepared i n  t h i s  phase 

of t h e  study.  A cross-sec t ion  drawing of the  weld J o i n t  and t o o l i n g  

d e t a i l s  f o r  these  labora tory  weldments i s  shown i n  Figure 1. 

F l a t  panel weldments f o r  uniform th ickness  t e s t s  were prepared i n  pro- 

I duction t o o l i n g  used f o r  making SA S-NB LOX dome meridian welds. 

I 
I me t o o l  is shown i n  m g m  2. mis f ix ture ,  which i s  s p h e r i c a l u  

i eonlowed, was used Lo weld f l a t  panels.  I n  order t o  i n s w e  t h a t  Join% 

t 



Figure 1. Tooling and Joint Details for Laboratory Welds Used in)Weld Land Tests. 





r 

f i t - i ~ p  vapirat.ions d i d  not exceed process s p c l f l c a t i o n  1lmila.tions due  

I ' t o  compound bending of t h e  f Eat panels, it was necessary t o  l i m i t  weld 
1 ,  

1 length  t o  30-inches, and the  panel width t o  14-inches i n  the  0,190-inch 

/ t h i c k  shee t  mater ia l .  A s e r i e s  of such weldments were prepared t o  provide 
I 

1 t h e  necessary number of t e s t  specimens. Both v i r g i n  and double-repaired 
I 

I welds were made. The sequence f o r  each was a s  follows: 

I Virgin:  weld + shave 

I 1 Double Repair: weld + shave + weld + shave +- weld + shave 
I 

1 
t 
1 Weld panels f o r  extra-wide (12-inch) and e x t r a  long (36-inch) uniform 

I t h i c ~ n e s s  specimens were prepared by extending the  width of the  14-inch 
I 
I 

I wide panels t o  36 inches.  To do t h i s ,  l l - i n c h  extensions were welded t o  
I 

each s i d e  of two 14-inch wide v i r g i n  weld panels.  Welding of the  14-inch 

wide panels was performed on the  LOX dome f i x t u r e  and welding of the  

extens ions  was done i n  the  Welding Laboratory. Extension welds were 

made using two-pass, square b u t t  MIG welding with one pass from each 

s i d e  of t h e  j o i n t  i n  order  t o  achieve maximum j o i n t  e f f i c i e n c y  with 

minimum d i s t o r t i o n .  

2.2 Specimen Design and Preparat ion 

Figure 3 i l l u s t r a t e s  the  conf igura t ion  of t h e  t e n s i l e  specimen used f o r  

determination of j o i n t  and weld-metal mechanical proper t ies .  Frac ture  

toughness specimens f o r  t e s t s  of weld j o i n t s  with t h e  land were 4-inches 

wide by 15-inches long and contained a centered weld perpendicular t o  

the  long dfmnsion,  a s  show i n  P i g w e  4. The majori ty of t e s t s  on 







unif osm-thickness spcintene (no m l d  land) was perf ormd using s p c i m n s  

6-inches wZde by 14-inches long, as shorn i n  Figurn 5. Several unlfom- 

thickness specimns, tes ted t o  evaluate e f f ec t s  of added width and 

through-cracks, were 12-inches wide by 36-inches long, as shown i n  

A l l  specimens were permitted t o  remain a t  room temperature a minimum of 

12 days prior t o  tes t ing  t o  enswe tha t  the natural aging process, 
l 

a which takes place i n  the weld a t  room temperature, was essent ia l ly  
1 
a 
f complete. Certain 6-inch wide specimens were exposed t o  160 '~  fo r  

4 three days a f t e r  proof tes t ing  t o  simulate the insulation cure cycle 
i 

j used f o r  the S-nr)3 stage. 
1 

I 
I 2.3 Notching and Precracking 

I n  order t o  provide the desired variety of crack s izes  i n  the fracture 
I 
1 

toughness specimens, both flexure and ax ia l  tension-tension fatigue were 

employed. An EDM notch was located i n  the center of the weld with the 

long dimension of the notch being perpendicular t o  the long axis of the 

fracture toughness specimens. The notches were extended using low-stress 
, 
I fat igue.  The cycles required t o  grow the crack varied with the desired 
I 

1 crack s ize.  Typical values ranged from 20,000 t o  100,000 cycles. 







1 

2.4 Creek Measwewnt 

E M  notch, pm-crack, and f i n a l  crack dimensions, depth ( a )  and length 

(2c,R0) were determined a f t e r  tes t ing  d i rec t ly  from the fracture surfaces. 

I The method consisted of mounting the fractured specimen in  a cross-slide 

I 
having a micrometer screw adjustment. !The fracture surface was viewed 

through a s te reo  microscope having ten t o  fo r ty  power magnification. 

The specimen was traversed across the f i e l d  of vision which included 
l 

a cross-hair sight, and micrometer readings were taken a t  points of 

demarcation between specimen edge, notch edge, and crack edge. Both 

I 
I 

fracture surfaces of each specimen were measured and the readings fo r  

each were compared t o  establ ish the average. Both length and depth 

measurements were made i n  the same manner. 

! 
The above described method of measuring cracks could be performed only 

a f t e r  specimen fa i lu re .  An attempt was made t o  establish a non- 

destructive c r i t e r i a  f o r  determining crack depth prior t o  and during 

various phases of specimen test ing.  lPhe method used and the resu l t s  

achieved are  described i n  Appendix A.  

Table 1 shows the dis t r ibut ion of t e s t  specimens among the various 

types of t e s t s .  The t e s t  variables included specimen type (4-inch 

wide weld land, 6- and 12-inch wide uniform thickness, and uncracked 

tens i le  ), processing (virgin and repair  welds, proof s t ress ,  and cure 

time), t e s t  temperature (+ 7 0 ' ~  and -320?F), flaw size and shape and 

loading procedure (eccentric or  symmetrical; s t a t i c  or cycl ic) .  



We
 Id
 

T
h
i
 c
k
n
e 
s
 8 

(i
n.

 ) 

Ro
t 

Pr
oo
f 
Te

st
ed

 

m
o
o
t 

T
es

te
d

 

I Pr
oo
f 

T
es

te
d

 a
n

d
 C
ur
e 

No
t 

Pr
oo
f 

T
e?

st
ed

 

Pr
oo
f 

T
es

te
d

 O
nl

y 
1 

70
 





A t o t a l  of 78 s p c i m n s  were t e s t ed ,  d i s t r i b u t e d  us P o l l w ~ :  6 
Weld land: 

Uniform th ickness :  

Six-inch wide 

s t a t i c  30 

c y c l i c  7 

Twe lve  -inch wide 

s t a t i c  4 

Uncracked t e n s i l e  : 2 1  
v 

TOTAL 78 
2 
1 

A 1 1  t e s t s  a t  '70'~ were conducted i n  ambient l abora to ry  a i r .  A l l  t e s t s  a t  
f 

- 3 2 0 ~ ~  were conducted with the  specimen and g r i p s  irnraersed i n  l i q u i d  n i t rogen 

I 
i i n  a c r y o s t a t .  S t a t i c  tests were performed a t  a loading r a t e  of approximately 

5,000 pounds per  minute f o r  4- and 6-inch wide specimens and 10,000 pounds 0 
per  minute f o r  12-inch wide specimens. During proof t e e t s  and c y c l i c  tests 

maximum load was maintained f o r  approximately 1 5  seconds before unloading. 

Tensi le  t e s t s  of uncracked specimens employed s t r a i n  gages bonded t o  t h e  

weld cen te r  t o  provide weld m t a l  y i e l d  s t r eng th  ( F * ~ )  and e l a s t i c  modulus 
I 

I (E*) data.  I n  addi t ion ,  conventional 2-inch extensometers were used t o  

provide weld j o i n t  y i e l d  s t r e n g t h  date  for comparison. 

Methods f o r  e c c e n t r i c  and 6ymraetrI.c loading of weld land specimens, shown i n  

Figure 7, a r e  designed t o  s imulate common types of bending loads which aloe 

imposed on t h e  aft dome m r i d i a n  welds during proof t e s t i n g  and f l i g h t  

oondilione. 





I 
2 1 P a r t i a l - m i c k n e s s  Crack Testa 

I 

/ The resultes of f r ac tupe  toughness t e s t s  of pa r t i a l - th ickness  crack 
I 

s p c i m e n s  were t r e a t e d  by p l o t t i n g  s t r e s s  a t  f r a c t u r e  versus i n i t i a l  

f l aw s i z e .  f n o rde r  t o  extend the  da ta  bands somewhat beyond the  a c t u a l  

test  condit ions,  apparent values of t h e  c r i t i c a l  stress i n t e n s i t y ,  Kxc, 

were ca lcu la ted  and used i n  generat ing da ta  c w e s .  The speaimen and 

crack dimensions, a s  w e l l  a s  the  s t r e s s e s  a t  f r a c t u r e ,  r a r e l y  complied 

wi th  empi r i ca l  r u l e s  e s t ab l i shed  some years ago ( ~ e f e r e n c e s  1, 2 )  f o r  

pa r t i a l - th ickness  crack specimen t e s t s .  For example, one? of these  r u l e s  

s t a t e s  t h a t  i n  order  t o  employ t h e  t e s t  ~ ? e s u l t s  t o  c a l c u l a t e  a v a l i d  Kxc 

t h e  gross  stress, ug, must be less than the  y i e l d  s t rength ,  cry. Maximum 

opera t ing  s t r e s s  (25.2 k s i )  i n  the  LOX dome meridian welds, however, can 

exceed the  y i e l d  s t r eng th  of repai red  welds (23.6 k s i )  i n  2014-6. To 
0 

s imula te  s t r e s s  l e v e l s  and crack s i z e s  which may occur i n  a meridian weld 

therefore ,  t h i s  ru le ,  a s  w e l l  a s  c ,er ta in  others ,  was not  invoked. A s  a 

r e s u l t ,  t he  ca lcu la ted  apparent values of K~~ f o r  t h e  t e s t s  conducted 

here  may not be u s e f u l  i n  descr ib ing condit ions much beyond the  bounds 

of  these  t e s t  condit ions.  The values  a r e  qu i t e  useful ,  however, i n  

comparing t h e  e f f e c t s  of temperature, p r i o r  proof loading, and r e p a i r  
1 

I welding on t h e  f r a c t u r e  s t r e n g t h  of the  cracked panels.  
I 
! 

The s t r e s s  value used i n  the  p l o t s  of f r a c t u r e  s t r e s s  versus i n i t i a l  

flaw s i z e  i s  the  n e t  s t r e s s ,  an f9  ca lcu la ted  as :  



wherus P = f r a c t u ~  load 

I 
An = net area 

f 
1 W = panel width 

B = panel thickness 

Ac = area of crack 

i 
1 I n  a specimen of f i n i t e  width, W, the net s t r e s s  always exceeds the 

1 grose s t ress ,  ag, defined as:  
9 

Figure 8 i l l u s t r a t e s  the e f f ec t  of specimen width on the net and gross 

s t resses  of a panel of a given thickness containing a crack of a given 

area. A t  great  panel widths, the net and gross s t r e s s  both approach a 

common value ( a t  i n f i n i t e  panel width, gross s t r e s s  1.6 equal t o  net s t r e s s ) .  

The common value which both approach a t  great widths corresponds t o  the 

s t ress ,  a, i n  a large structure which contains a crack, A t  small panel 

widths, both the net and gross s t resses  are  less  %ban a, but gross s t r e s s  

i s  the l eas t .  Figure 8 i l l u s t r a t e s  that ,  f o r  t e s t s  of narrow panels con- 

ta ining cracks of re la t ive ly  large area, use of gross s t r e s s  leads t o  a 

greater underestimate of panel strength than does use of the net s t ress .  

Tests of panels of two different  widths (6-inches and 12-inches ), but containing 

s imilar  s i ze  cracks, were performed t o  demonstrate the width e f f ec t  and 

c o n f i m d  the use of net s t r e s s  f o r  evalua%ion of narrow (6-inch wide)  panels. 





I 

The me of n e t  s t m s e  i n  desc r ib ing  t h e  *st m s u l t s  m q u i m s  t h e  

e s t @ h l i s h m n l  of a number of conventione. Since f l aw  enleurgemnt 

was o f ~ n  obe tmed  on r i s i n g  load, t h e  a r e a  of t h e  c rack  increased  

du r ing  t h e  loading  cycle ,  t h e  g ros s  area xma ined  t h e  sane, and t h e  

1 n e t  a r e a  decreased.  The convention was e s t a b l i s h e d  t h a t  n e t  f r a c t u s e  

a t r e s s  would be c a l c u l a t e d  us ing  t h e  a r e a  of t h e  c rack  a t  t h e  t ime of 

f r a c t u r e ,  a s  n e a r l y  as t h a t  a r e a  could be determined; if  no enlargement 

I 
of t h e  flaw could be de tec ted ,  t h e  n e t  f r a c t u r e  stress would be c a l c u l a t e d  

us ing  t h e  i n i t i a l  area of t h e  c rack .  Crack a r e a s  were ca l cu la t ed  from: 

AC = + a(2c)  C 33  

where a = depth of p a r t i a l - t h i c k n e s s  crack 

2c = s u r f a c e  l eng th  of p a r t i a l - t h i c k n e s s  c rack  

I 
I n  some t e s t s ,  t h e  enlargement of  t h e  p a r t i a l  crack was so  g r e a t  t h a t  p r i o r  

t o  f r a c t u r e  t h e  c r ack  extended e n t i r e l y  through t h e  t h i c k n e s s  of t h e  specimen. 

The shape of  t h e  c rack  a f t e r  ex tending  through t h e  sspeciraen was such t h a t  

f o r  t h e s e  c r acks  t h e  c rack  a r e a  was c a l c u l a t e d  from: 

where B = specimen t h i c k n e s s  

2c = su r f ace  length  of crack (on o r i g i n a l l y  cracked 
su r f ace  ) 

1.2 a f a c t o r  accounting f o r  n o n - e l l i p t i c a l  shape 
of through-crack 



Flaw s ims ;  a/&&, were calculated using net s L ~ s 8  Prom: 

7 

a = crack depth 

an = net s t r e s s  

by = yield strength 

= I. + 4.5934 (a/2~)1*6499 

2c = crack length 

I n i t i a l  flaw size,  ai/anfr was defined by i n i t i a l  crack dimension, a i  and 

I 
> 2ci,and by the net s t r e s s  a t  fracture.  Final flaw s ize  (e .g. : flaw 
ti 
I enlargement due t o  proof loading) was calculated using equation i5j and 1 
I the enlarged flaw dimensions. 

KIc value8 were calculated using i n i t i a l  flaw sizes  and both the net s t r e s s  8 
and gross s t ress .  For net s t ress ,  the equation used was: 

whe m unf = net s t r e s s  a t  f racture 

8% = i n i t i a l  crack depth 

For gross streso, the equation used was: 

whem dgf = gross etress a t  f racture 

ai = i n i t i a l  crack depth 

Qgf = ($2 - ,212 (ogf/oy)2 

1 
i 

28 I 



I 

2.6.2 Z%rough-michess Crack %sLa 

'%he re su l t s  of *st@ on through-cracked, =-inch wide specimns were 

%mated by plott ing gross fracture stress, B ~ P ,  versus length of 

1 
through-crack a t  imum load, tc. Data bande were extended beyond 

the t e s t  conditions by use of Kc values calculated by: 

where agf = gross Fractwe stressl 

W = specimen width 

f c  = length of crack a t  f a i lu re  ( c r i t i c a l  length) 

Values of nominal s t r e s s  intensity,  KCN, were a l so  calculated with 

equation [8]but using i n i t i a l  crack length, Po, instead of the c r i t i c a l  

length, lc. Becauee of' geometric and mathematic limitations, the values 

of Kc could not be corrected f o r  p las t ic  s t r a i n  and the reported values 

a re  theref ore low. 

Weld land specimens with 5:3 reinforcement were tested t o  determine the 

e f fec t  of bending s t resses  on the strength of surface-cracked welded panels. 

I n  addition t o  s t a t i c  fracture t e s t s  of 4-inch wide precracked specimens, 

two specimens were instrumented with s t r a in  gages t o  obtain bending data, 

and f ive 3/4-inch wide s t r i p  tens i le  specimens were tested t o  obtain the 

uniaxial  t ens i l e  properties of t h e  weld. 



3.1.1. e n s i l e  B o p r t i e s  02 Weld Zlrnnds 

Row tempra twe  m i a x i a l  tensiEe prowrt iee of transverse weld s p c i m n s  

cut from the weld land of s p c i m n  6-7 are l i s t e d  i n  Table 2. The amrage 

qsoperties (3'ty = 22.8 kei , Ftu = 44.1 ksi  , Et = b1970Q,0Q0 psi ) were 
I 

i used t o  evaluate the r e su l t s  of the bending and fracture t e s t s  described 

below, and t o  characterize the weld land material. A l l  welds were shaved 

I andal l spec imenr~ fa i l ed  i n  the weld. 

I 
3.1.2 Bending i n  Weld Lands 

I 
i 

1 I n  order t o  determine the magnitude of bending caueed by eccentric loading 

i 
/ of partial-thickness crack weld land specimens, two 4-inch wide specimens 

t were used. (BY mistake, excessively long EDM notches, 2-inches long, had 

been placed i n  these specimens. The influence of surface flaws upon the 

nature of bending was, therefore, accentuated i n  these t e s t s ) ,  

S t ra in  gages were cemented t o  the specimens as ~hown i n  Figures 9 and 10 

on both X (exter ior)  and Z ( in t e r ip r )  faces i n  two locations. One pair  

of s t r a i n  gages (shown as t r iangular  symbols ) was located on the weld center- 

l ine,  one-half inch from the edge of the specimen. The other pair  of s t r a in  

gages (shown as c i rcu lar  symbols) was centered on the parent metal of the 

weld land, one-half inch from the weld centerline. The s t ra ins  l i s t ed  i n  

Table 3 were obtained by incremental loading t o  the gross s t resses  l i s t ed  

i n  the same table .  The s t r a i n  ra t ios ,  which are  d i r ec t  measures of the 

extent of bending due t o  eccentric loading, are l i s t e d  i n  Table 3 and 
I 

1 plotted versus gross stress i n  Figures 9 and 10. 
I 











s indicate that ,  f o r  in t e r io r  notches, bending is rather severe 

a% very low ~ L r e s s e ~  but, Pal ls  off rapidly as s t r e s s  is incmased. 

Exterior su.r%ase notches appsmntly result i n  accentuated banding which 

increases as the s t r e s s  i s  increased i n  the low s t r e s s  range. No data 
I 
1 was obtained on bending a t  high s t r e s s  levels (above 10 ks i  grosrs s t r e s s ) .  

3.1.3 S t a t i c  Fracture Tests of Weld Lands 
J 

I 

I 
Results of fracture t e s t s  of weld land s p c i m n s  a t  7 0 ' ~  and -320'3' are 

I l i s t e d  i n  Table 4. A l l  specimens contained partial-thickness cracks on 

: the ex ter ior  (x) face, with the exception of specimen 3-3, which contained 

3 / a notch on the in t e r io r  (z) face. 

1 
Simple t ens i l e  loading of weld  land panels by gripping the 

chem-milled region causes eccentric loading of the weld, as shown i n  

Figure 7, which resu l t s  i n  higher s t resses  on the exter ior  ( x )  face than 

on the in t e r io r  (2) face. Eccentric proof-loading of weld land specimens 

caused considerable flaw growth i n  a l l  specimens except 6-1, which had the 

smallest i n i t i a l  flaw size of a l l  the specimens tested.  The fracture surfaces 

of specimens 7-4 and 7-1 (shown i n  Figures 11 and 12, respectively) c lear ly 

exhibited the crack gr&h which occurred duxing eccentric proof tes t ing  a t  

70~3'. Extra-eccentric loading, described i n  Figure 7, of specimen 6-5 

, caused the precrack t o  penetrate the thickness of the weld during the proof 

t e s t ,  as shown i n  Figure 13. Symmetric proof loading of "back-to-back" 

weld land specimens caused a small amount of crack growth i n  specimen 7-3 

and no obsewable groKth i n  the rest of the specimens. The f r ac tme  
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surfaces of s p c i m n  7-45 (ti't 11) exhibited no ~ s i b l e  flaw g r m h ,  and 

the f r ac tum surface of s p c i m n s  7-3 j ~ i g u r e  E) a h l b i t e d  oniy a small 

amout sf flaw growLh due t o  the proof loading. It should be recalled 

tha t  the presence of the flaw i t s e l f  causes some bending i n  the weld. 
L 
1 I n  addition, the nback-to-back" configuration minimizes the eccentr ic i ty  

of loading, but probably does not eliminate it. Figure 14 summarizes the 

flaw growth data of Table 4 and demonstrates t h a t  flaw growth during proof 

1 t e s t i n g  a t  70% i s  increased by increased eccentr ic i ty  of loading and by 
i 

increased i n i t i a l  flaw s ize .  

1 3.2 Uniform Thickness Specimens 

i 
e 
L 

3.2.1 Tensile Properties of Meridian Welds 
I a 
I Uniaxial tens i le  properties were determined f o r  the uni t  orm thickness welds 

I 
a t  7 0 ' ~  and a t  -320'~ t o  provide yield strength values for Kxc calculations. 

The specimns were tes ted using s t r a i n  gages on the weld deposit as well  as 

with a 2-inch extensometer t o  determine yield values by two different  rrrethode. 

The s t r a i n  gages provided yield values f o r  the weld deposit only. Since the 

i I f r ac ture  toughness specimens fa i led  i n  the pre-cracked weld deposit, these 

a weldmetal values were used i n  the fracture toughness calculations. Uniaxial 

I t e n s i l e  properties f o r  uniform thickness weldmnts are l i s t ed  i n  Table 5. 
1 

I To provide yield strength data f a r  welds proof tes ted a t  70°F and then tested 

a t  -320°F9 two v i rg in  and two repair  weld tens i le  specimens were proof tes ted 

a t  7 0 * ~  and then t ens i l e  tes ted a t  -320'~. The resu l t s  of these t e s t s  ape 

lisLed i n  Table 6, and were used t o  calculate flaw sizes  and s t r e s s  in tens i t ies  

I n  proof $eeted mPf o m  thiek~lges pmcracked s ~ c i m n s .  
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3.2.2 Gtatie Fracture 'lileets of' b r i d i a n  Welds 

Uniform thickness precracked speeimns of two d d t h s  were tested i n  t h i s  

program. Six-inch wide specimens ( ~ i g u r e  5 )  with arLlf ic ia1 part ia l -  

thickness cracks i n  the center of the weld underbead were loaded t o  
I 
8 

f racture a t  70%' and -3209  t o  determine c r i t i c a l  s t r e s s  intensi ty  

fac tors  (K-J~) ,  and fracture strengths. In  addition, two similarly cracked 

partial-thickness crack specimens, 12-Inches wide, were tested s t a t i c a l l y  

a t  7 0 ' ~  t o  evaluate the appl icabi l i ty  of net section fracture strengLh data 

from the 6-inch wide specimens t o  large s t ructures  such as  the S-nTj3 LOX 

tank. Also, two through-cracked =-inch wide specimens were tested 

statically a t  70°F t o  ver ify previous data (~eference  3 ) .  

S t a t i c  t e s t  r e su l t s  for a11 6-inch wide partial-thickness specimens are  

l i s t e d  i n  Table 7. I n  addition, the resu l t s  are  depicted graphically as 

net f r a c t . m  strength versus i n i t i a l  (p rec~ack)  flaw size a t  7o0F i n  
0 

Figure 15, a t  -320'~ a f t e r  70°F proof tes t ing  i n  Mgure 16 and a t  -320'~ 

without pr ior  proof tes t ing  i n  Figure 17. I n  each figure,  the maximum 

and min imum value of KIc obtained i s  used t o  t s t ab l i sh  the sca t t e r  band 

f o r  the data. Values of flaw shape, net s t r e s s  and KIc were calculated 

according t o  equations 1 17 through [7 --i above. 

During 7 0 ' ~  proof testing, flaw growth occurred and was eas i ly  measured 

on the fracture surfaces, as shown i n  Figure 18. I n  addition t o  depth- 

wise and lengthwise growth, the gap width of the crack was observed t o  

increase, as shown i n  Figure 19. This phenomenon, described as "gaposis" 

allows i n i t i a l l y  Pine or "tightt '  cracks t o  be eas i ly  detected by d s u a l  
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IN IT IAL FLAW SIZE, (ai/Q),INCHES 

Figure 15. Stress Vs. Flaw Size for Partial-Thickness Crack Virgin and Repair Welds in Uniform 
Thickness Panels Tested at 70° F 



0 VIRGIN WELDS 

A REPAIR WELDS 

INIT IAL FLAW SIZE, (ai/Q), INCHES 

Figure 16. Stress Vs. Flaw Size for PartiaCThickness Crack Virgin and Repair Welds in Uniform 
Thickness Pane Is Tested at -320°F After Proof Testing at 70°F 



0 VIRGIN WELDS 

A REPAIR WELDS 

INITIAL FLAW SIZE, (ai/Q) INCHES 

Figure 17. Stress Vs. Flaw Size for Partial-Thickness Crack Virgin and Repair Welds in Uniform 
Thickness Panels Tested at -320°F Without Prior Proof Testing 

40 





M-909 APPROX. 1OX M-912 APPROX. 1OX 

a. SPECIMEN R10-1 BEFORE 70°F PROOF TEST b. SPECIMEN R10-1 AFTER 70°F PROOF TEST 

Figure 19. Effect of 70°F Proof Test on Crack Surface Appearance and Growth in  Partial- 
I Thickness Crack Specimen (Gaposis) 



I 

i n s p c t i o n  or ordinany nondestructivie tes t ing  wthods (e .g.  pnetranL, 

x-ray) a f i e r  proof tes t ing.  

S t a t i c  t e s t  data from through-cracked 12-inch wide panels are l i s t e d  i n  
I 
1 Table 8 together with prevlous data on 1/8-inch thick TIG-welded 2014-6 

( ~ e f e r e n c e  3) .  The data a m  aleo plotted i n  Figure 20. The c r i t i c a l  

crack length (1 c )  was measured by scribing several l ines  on the specimen 

I 

I perpendicular t o  and ahead of the cracks and spaced 0.1-inches apart, ae 
k 

shown i n  Figure 21, A s  the specimen was loaded, the crack grew and the 

number of scribe marks intercepted pr ior  t o  catastrophic f a i lu re  was 

noted by observers watching each crack t i p .  m e  t o t a l  amount of growth 

observed was then simply added t o  lo t o  obtain lc. 

3.2.3 Cyclic Flaw Growth Tests of h r i d i o n a l  Welds 

I 
I 

Results of cyclic flaw growth t e s t s  of 6-inch wide partial-thickness crack 

specimens are l i s t e d  i n  Table 9. Calculation of stresses,  flaw sizes  

and s t r e s s  in tens i t ies  was performed i n  the rsgutle manner as f o r  s t a t i c  

t e s t s ,  described above, except tha t  the flaw dimensions a t  the beginning 

of each loading or proof tes t ing  cycle we= regarded as the i n i t i a l  flaw 

dimensions f o r  the cycle and, accordingly, were used t o  calculate (ai/enf) 

and KIc values. A t  the same time, the enlarged flaw dimensions a t  the end 

of each cycle were used t o  calculate the net s t r e s s  f o r  the cycle. In  

thotse cases where flaw growth could not be measured, it was assumed tha t  

no flaw growth had occurred during Lhe cycle and the l a s t  measureable 

diwneions m r e  wed, enclosed i n  parentheses i n  Table 9. No value of 
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WIDTH THICK. WELD PROCESS F ILLER - - __I 

MERlDlONAL WELDS A 12 IN, 0.191 IN. MIG S/P BUTT 4043 

PREVIOUS DATA (REF.2 ) 0 12 IN. 0.125 IN. TIG S/P BUTT 4043 



SCRIBE LINES 
(0.10 IN. APART) 

PRE-CRACK FOR MEASURING 
CRIT ICAL CRACK 
LENGTH (lJ 

Figure 21. Scribed 12-Inch Wide Through-Thickness Crack Specimen 



I 

'Kx i s  =ported f o r  cycles f o r  which "r;e crack was init iallgr throwh tbe 

thickness. Bowever, In  cases where the pmtial-thickness crack gmw 

through the thickness during the loading ayele, K-J. values are l i s ted ,  

having been based on i n i t i a l  flaw size ( in  accordance with the calculation 

proceduwr f o r  s t a t i c  Lests). 

4.0 DISCUSSIOR OF RESULTS 

4.1 Flaw Growth i n  Weld Lands 

It had been anticipated from s t r a i n  gage da-ta on S-NIB weld lands tha t  

some Flaw groKth might occur during proof tes t ing  of weld lands containing 

partial-thickness cracks. The data obtained i n  t h i s  study indicates tha t  

a cer ta in  amount of subcr i t ica l  flaw growth can be expected whenever a 

surface-cracked element i s  loaded eccentrically i n  a way which ac ts  t o  bend 

open t h e  crack. It has 8180 been demontatrated Lhat extra eccentricity of 

loading w i l l  considerably increase the amount of growth. However, even 

uniform thickness panels with partial-thickness cracks exhibit  flaw growth 

when loaded, probably due t o  the bending induced by the presence of the 

crack on one surface. However, it has a l so  been shown tha t  the strengths 

of weld lands i n  which considerable flaw growth has occurred are approximately 

the same as  s imilar  specimens i n  which cracks have not enlarged and a l so  

the s a w  as uniform thickness specimens containing similar partial-thickness 

cracks. That is,  the flaw growth which occurs due t o  bending apparently 

does not reduce the net fracture strength of a pmcracked panel. However, 

no partial-thickness cracks were placed on the i n t e r i o r  (chem-milled) 

Pace of %he weld lands and the behavior of such cracks is difficult t o  



pred ic t .  On one hand, one would e x w c t  t h a t  flaws of a c e r t a i n  s i z e  o r  

larger vould, dwing loadingi grnw i n t o  regions of progm ssive 17 higher 
8 

s t r e s s e s ,  causing a r ap id  and r a t h e r  abrupt  fracture? t o  oecur. On the  

o t h e r  hand, the  crack i t s e l f  would be located s o  a s  t o  induce bending 

I s t r e s s e s  opposi te  t o  the  weld land and might therePore be expected t o  
1 

i n e u t r a l i m  the  bending s t r e s s e e  and grow t n  w more s t a b l e  manner. %st@ 

1 of such i n t e r i o r  surface-cracked weld lands would have t o  be made on 

i s u f f i c i e n t l y  wide panels t o  bimulate? t h e  stress state i n  a la rge  dome. 

The da ta  obtained shows no s i g n i f i c a n t  d i f f e rence  between the  range of 

I 
I KIc values f o r  v i r g i n  and r e p a i r  welds a t  7 0 ' ~  and -320 '~  t e s t s .  One 

I would c e r t a i n l y  expect  t o  f i n d  a major t e s t  temperature e f f e c t  and a 

I minor weld type e f f e c t  i n  welds containing much smaller flaws, a s  the  

I f r a c t u r e  s t r e s s  approaches t h e  ul t imate s t r eng th  of the  uncracked mater ia l .  

There i s  no need, however, t o  consider  f r a c t u r e  s t r e s s e s  s o  much g r e a t e r  

than opera t ing  stress. 

Proof t e s t e d  welds were a l s o  s i m i l a r  i n  KIe and f r a c t u r e  s t r eng th  t o  

non-proof t e s t e d  welds, except  f o r  one unusually low s t r e n g t h  and KI, 

f o r  the  s i n g l e  weld land specimen which was f a i l e d  without p r i o r  proof 

t e s t i n g .  Subjec t  t o  f u t u r e  disproof,  t h a t  da ta  point  i s  assumed t o  be 

erroneous becai~se  it alone v a r i e s  s o  much from the  rest of t h e  data.  

Lest t h e  d a t a  from specimen 6-4 a l s o  be taken t o o  much a t  f ace  value, 

it should be pointed out  t h a t  t h i s  specimen f a i l e d  suddenly i n  t h e  
I 



loading g r i p  holes during an attempt t o  f a i l  it a t  - 3 2 0 ~ ~ .  It was then 

gripped d t h  rough f r i ~ t i i o n  jaws ( ~ s i t h  poor control of e i l l ign~~i i t )  arrd 

f a i l e a  a t  70%. 

4.3 Use of Net Section Stresses 

The va l id i ty  of using net s t resses  rather  than gross s t ressee for the 

6-inch specimen was seriously questioned near the end of the test ing 

program. To demonstrate tha t  net s t resses  were not unconservative f o r  

the 6-inch specimens, two 12-inch wide specimens were prepared with 

partial-thickness cracks s imilar  t o  two 6-inch wide precracked specimens 

which had been tes ted  a t  70 '~ .  The gross fracture strength end Kxcg 

values f o r  the 12-inch wide panels agreed completely with the net 

f racture strength and KIc (net) values on the 6-inch wide specimens 

as  shown i n  Figure 22. ( ~ 1 1  specimens were taken from vi rg in  

welds prepared exactly al ike on the same production f ix ture  ). The 

use of net section s t resses  enables one t o  simulate the behavior of 

very large tanks with reasonably-sized precracked specimens a t  a great ly  

reduced tes t ing  cost. 

4.4 bak-Eef ore-Burst 

4.4.1 Leak Modes 

The growth of a partial-thickness crack through the wall of a tank i s  

c lass i f ied  as  a leak if  no unstable growth occurs a f t e r  penetration of 

1 
the wall. Stable extension of a partial-thickness crack can occur on 

I r i s ing  load i f  s d f i c i e n t  bending i s  present. Depending on the i n i t i a l  
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I 

s i x  and s h a w  of the  ga r t i a l - th ickness  cmpack, the  degree of bending, 

t h e  maximum applied stress and t h e  t o t a l  thickness of t h e  w a l l ,  t h e  

s t a b l e  extension of t h e  crack may proceed u n t i l  p n e t r a t i o n  and leaking 

occurs. By t h e  time penetrat ion of a r e l a t i v e l y  t h i n  w a l l  has been 
I 

i 
completed, t h e  c h w a e t e r  of t h e  stmss f i e l d  near t h e  crack f r o n t  has 

undergone a change from predominantly plane a t r a i n  t o  predominantly 

plane s t r e s s .  If t h e  mimum length of the  penetrated crack i s  less 

I t h a n  t h e  c r i t i c a l  length of a through-thickness crack f o r  t h a t  stress 

I 

1 l eve l ,  the  penetrated crack e x i s t s  under plane s t r e s s  s t a b i l i t y .  

Fur the r  extension of the  penetrated crack would requ i re  increased 

appl ied  stress. On the  o the r  hand, i f  t h e  maximum length of the  

i 
I penetrated crack exceeds the  c r i t i c a l  length of a through-thickness 
i 
1 crack, unstable crack propagation w i l l  t ake  place. 
I 

I 

, Leak can a l s o  occur i f  a par t ia l - th ickness  crack becomes unstable, 

propagates and penet ra tes  the  wa l l  th ickness  becoming a 'through- 

th ickness  crack of length l e s e  than c r i t i c a l  f o r  plane s t r e s s  i n s t a b i l i t y .  

Such a crack would arrest a f t e r  penet ra t ion  and become s t a b l e  as  a 

leaking,  through-thickness crack. F'urther extension of the  crack would 

r e q u i r e  increased applied s t r e s s .  If t h e  length of the  crack a t  the  

t i m e  of penet ra t ion  exceeds the  c r i t i c a l  length f o r  plane stress 

i n s t a b i l i t y ,  unstable propagation would continue. 



1 

I 

J 
I 4.4.2 Evidence f o r  Btable k& Conditions 

I 

i 

8tt%Ble, mnetrat ion of the %hiekness by an i n i t i a l l y  p ~ i a l - t h i c k n e s s  
1 

crack was obsewed i n  a number of s w c i m n s  tested i n  t h i s  prwram. 

/ f n  m a t  of' these specimens, the Leak was detected a f t e r  proof tes t ing;  
6 

the s t r e s s  l eve l  a t  which  netr ration took place was not obsatmd, 

I n  the two 22-inch wide partial-thickness crack s p a i m n s  s t a t i c a l l y  

tes ted  a t  70'~) obeervers detected penetration a t  a ~ t r sss  leve l  well  
I 

1 

i below the f rac ture   tress. 
i 
t I 
k I n  reviewing the t e s t  r e su l t s  it was observed tha t  the i n i t i a l  depth of 
I" 

ial-thickness crack6 which did not penetrate the thickness during 
ii 
I 
i proof loading was never greater than about 0.150-inch. A l l  par t ia l -  

thickness cracks having i n i t i a l  depths of about 0.154-inch, or greater, 

1 penetrated the thickness during proof t e s t ing  a t  7 0 ° ~ .  Suf'ficient data 
I 
I 

were not obtained t o  make a complete analyeis of conditions conducive 

t o  s table  leak. However, based on the observations made during t h i s  

t e s t  program, it appears tha t  partial-thickness cracks i n  the meridian 

weld of the LOX dome, having an i n i t i a l  depth equal t o  or greater than 

80% 02 the weld thickness, can penetrate the wall i n  a s table  manner 

and leak during proof t e s t  without causing catastrophic fracture of the 

tank. The m i n i m u m  length of such stable,  leaking cracks i s  not known; 

the maximum length, however, based on the minimurn fracture toughness of 

l2-inch wide through-crack spciraens ( ~ i g u r e  20), i s  4.4-inches. 

Application of plane stress data from 12-inch wide panels t o  a large 

structuse such as the S-T\IB i s  efiremly conservative since the c r i t i c a l  



Zeng-tZa of through-tlaicknese cracke i s  s t rong ly  depnden t  on s p c i m n  

geometry and i s  known t o  incl-ease e t h  increas ing width. Nevertheless, 

i f  these  d a t a  could be applied d i r e c t l y  t o  the  meridian weld of the  LOX 

dome, they would i n d i c a t e  t h a t  through-thicknese cracke longer than 

4.4-inches would r e s u l t  i n  ca tas t rophic  f r a c t u r e  at  the  proof stress 

leve I. 

X t  was noted abave t h a t  no temperature e f f e c t s  between 70°F' and -320 '~  

were observed on the  f r a c t u r e  toughness of t h e  welds a s  determined with 

par t ia l - th ickness  crack t e s t s .  Assuming t h a t  the  same observation 

would be made f o r  through-thickness crack t e s t s ,  t h e  da ta  obtained a t  

7 0 O ~  could then be applied t o  operat ing condit ions f o r  t h e  LOX tank. 

Again applying t h e  12-inch wide specimen d a t a  d i r e c t l y  t o  t h e  LOX dome 

nneridian welds and ignoring width e f f e c t s ,  through-thickness cracks 

longer than 2.55-inches would r e s u l t  i n  ca tas t roph ic  f a i l u r e  a t  t h e  

maximum operat ing stress. 

k . 5  Assessment of Safe ty  of LOX Dome Weldments 

/ , 'The  minimum degree of s a f e t y  of t h e  meridian welds i n  the  LOX dome can be 

1 
i 

assessed by considering minimum toughness a t  maximum operat ing s t r e s s  and 
/ 
I 

disregarding t h e  very conservative nature of ava i l ab le  through-thickness 
i 

1 

crack data .  

The lower bound of a l l  d a t a  obtained from a l l  specimens t e s t e d  under a l l  

condi t ions  ( ~ i g u r e  23) p r w i d e s  a c r i t i c a l  value of a i / ~  a t  operat ing 

s t r e s s  of 0.134-inch. I n  Figure 24 t h e  v w i o u s  combinations of crack 

depth and crack length which charac te r i ze  gin ai/& of 0. uk- inch  are 



' VIRGIN & REPAIR WELDS I WELD LAND & UNIFORM THICKNESS 
I PROOF TESTED & NOT PROOF TESTED 

INIT IAL FLAW SIZE, INCHES (a i /Q )  

Figure 23. Data Bands for a l l  Static Tests of Partial-Thickness Crack Specimens 





plot ted.  ~arsed  u p n  a. valm of ai/fa of O . I ~ ~ - P I - , ~ ~ ,  a l l  i n i t i a l  ~ r - t i a l -  

thickness cracke, t he  dimn~ldoner of tJi39ch 511~113, h$ow $be e w e  i n  f i v e  24, 

arcst s t a b l e  a t  t he  o p r a t i w  s t r e s s ;  those cracks above the  c m e  would 

r e s u l t  i n  f a i l u r e  of the  LOX tank. 
I 

I 

Hoxever, so= of t he  very deep ( d e e p r  t h m  about 8 6  of the  weld th ickness)  

par t ia l - th ickness  cracks would p n e t r b p ~  the  thickness during proof t e s t .  

If t h e  p n e t r a t i n g  cracks were longer than 4.4-inahee, f a i l u r e  of the  tank 
1 

1 would have ocowred a t  proof s t r e s s .  If the  penetrating cracks were 
I 

I 
1 s h o r t e r  than 4.4-inches, a s tab le  l e a  would have occurred and would have 
i 
1 been detected e i t h e r  i n  proof t e s t ,  during inspection a f t e r  proof t e s t ,  or 

1 I during the  leak check. Such leaks would have been repaired.  A s  a 
I 
I 

I consequence, a l l  cracks above t he  dashed l ine  i n  Figure 24 would have 
I 

been discovered before the  tank becam operational. 

A par t ia l - th ickness  crack having a depth i n  the  range of 62$ t o  80$ of 

t he  weld thickness could survive t he  proof Lest without leaking or 

f r a c t u r i n g  as evident i n  Figure 24. However, the  p l a s t i c  t e n s i l e  s t r a i n  

imparted t o  the  weld metal near the  periphery of such a crack during 

proof t e s t  would r e s u l t  i n  a permanent displacement of' the  crack surfaces 

(gaposis)  a f t e r  re lease  of the  proof pressure, making penetrant inspection 

considerably more sens i t ive .  A l l  cracks exhibi t ing gaposis are theref  ore 

detectable  by standard post-proof inspection procedures. If' a crack, 

62s t o  8@ through the  weld, somehow should escape post-proof inspection, 

it could become unstable a t  the  operating s t r e s s  and p n e t r a t e  the weld 

thickness.  If' the  length of' the penetrat ing crack were l e s s  than 2.55-inchee, 

t he  crack would be a r res ted  and would oonsti%ute a stable l e a .  if the 

length aQ the pcnelrat ing crack were greater than 2.55-inches, the  



' 0 
p n a t r a t i n g  erack oould h metable  i n  phne stmss and aould m s u l t  

i n  Pai lwre . 

These considerations are l i s t e d  i n  Table 10. 

I 

5.0 coracLvs%ows 

A s  a r e s u l t  of analyzing data produced by t e s t s  conducted i n  t h i s  program 

and considering only minimum toughness as the worst case, the following 

conclusions can be stated: 

Regarding the t e s t  data: 

1, Negligible differences e x i s t  i n  the fracture toughness of 

v i rg in  and repa i r  velds i n  2014-~6 a t  7 0 ' ~  and -320% 

2. h o o f  tes t ing  a t  7 0 ' ~  has l i t t l e  influence on t h e  f racture 

toughness of virgin and repair  welds tes ted a t  -320'~. 

1 .  3. Depending upon the degree of bending, the i n i t i a l  depth of 
i 

/ 
/ the partial-thickness crack, and the applied s t ress ,  s table  

I 

extension of cracks can occur on r i s ing  load. Depending on 
i 

I 

the thickness of the aection, the s table  extension can r e su l t  

i n  a leak. Stable extension occurring on one loading cycle 

has no detrimental e f f ec t  on the fracture strength observed 

i n  a subsequent load cycle. 

4. For t e s t s  of narrow panels containing large partial-thickne s s  

cracks, the use of net s t r e s s  is  advisable i n  analyzing the 





I 

Regarding proof Lest of t he  S-SVP3 M% do= wr id ian  welds: 

1. Partial- thickness cracks having a depth grecc"cer than about 

8* of the weld thickness can leak during proof t e s t  i f  t he  

crack length i s  l e s s  than 4.4-inches. I f  the  crack length 
, 

i a  g rea te r  than 4.4-inches, a crack deeper than 80Q of the  

veld thickness can r e s u l t  i n  f a i l u r e  during proof t e s t .  

2. Parbial-thickness cracks having a depth l e s s  than about 80$ 

I of the  weld thicknessl w i l l  not leak or  cause f a i l u r e  during 

proof t e s t .  
I 
I 

\ 
! 3 .  Partial- thickness cracks l e s s  than 805 of t he  weld thickness 

o r  leaking cracks which survive proof t e s t i n g  can read i ly  be 

detected by standard post-proof t e s t i n g  including v i sua l  

inspection, penetrant inspection or leak t e s t i ng .  

Regarding operating conditions f o r  the  S-IVB LCX dome meridian welde: 

1. Par t ia l - th ickness  cracks i n  LOX dome meridian welds having a 

depth l e s s  than 62$ of the  weld thickness which survive proof 
I 
I t e s t  and post-proof inspection without detect ion cannot leak 

o r  cause f a i l u r e  during service a t  the  maximum operating s t r e s s .  

i 2. Part ia l - th ickness  cracks having a depth between 62s and 80$ 

of the weld thickness which survive proof t e s t  and post proof 

inspect ion can penetrate the  thickness and become a s tab le  

leak if the  length of t he  crack does not exceed 2.55-inches. 

1 If the crack length i s  gmaler  than 2.55-%nches, %he pene%sadlng 

crack can r e s u l u n  failure of the  LOX dom a t  the  maximum 

operating stress. 



Regarding the aonservatlsm of eonclusione dram from analysis of r e su l t s  0 
of" nar rm wnel t e s t a  as applied t o  la rge seal@ s . tructw8:  

1. A large? degree of bending ex i s t s  i n  f u l l  scale dom ml8e 

t h w  promoting s table  extension of pastial-thickness cracks 

Lherein, leadf ng t o  the formation of lealts. Similar bending 

i n  narrow f l a t  panels (par%ieul&rly those of uniform thickness ) 

mwt be l e s s  severe. It is therefore reasonable Lo conclude 

t h a t  the  8073 depth requirement f o r  leaks i n  a f u l l  scale dorm 

weld is too  conservative and t ha t  leaks occur much more 

readi ly i n  f u l l  scale domes than i n  f l a t  t e s t  panels. 

2, The c r i t i c a l  through-thickness crack length of narrow panels 

a t  a given s t r e s s  level  i s  less  than the c r i t i c a l  length of 

wider panels or of f u l l  scale domes. It i s  therefore 

reasonable t o  conclude tha t  the maximum length of s table  

leaking cracks i n  a f u l l  ecale donre is  greater than i n  

narrow (12-inch) panels and t h a t  the fa i lure  condition f o r  

penetrating cracks exceeds the overly-conservative estimates 

of 4.4-inches f o r  proof s t r e s s  and 2.55-inches f o r  operating 

stress.  

3. The premise t h a t  partial-thickneoo crack depths i a  the range 

62s t o  8 6  of the thickness and greater than 2.55-inches long 

can survive post-proof inspaction chfter p las t ic  displacemnt 

(gapoeis) due Lo proof loading is  not mrly conserva t ie  

p ~ d d a d  %here ia a %occd%Eon i n  the Pul l  scale do= where 



'0 
post-proof $nsmctiom of the  mridian welds i s  not  possible,  

80 such lbea t ion  e x i s t 8  i n  t h e  S-SVB LOX dom and it i s  
I 
I , '  

therefore  =asonable t o  conclude %hat t h i s  premise i s  o'preru 

/ c onsemat ive  . 
1 I 

i 

I n  vlew of t h e  evidence support ing the  l ike l ihood of' Leak-before-bwst at 

imum o p r a t l n g  stress and of t h e  h ighly  consemat ive  nature of t h i s  

analys is ,  it i s  r e c o m n d e d  t h a t  a l t e r a t i o n  of cup"rent proof Lest and 

operat ing condit ions f o r  t h e  S-IBB LOX donme not be considered. 

1. ASTEJl Commitbe on Fracture  Test ing of Wigh Strength  Materials,  

"Progress i n  M a s w i n g  F r a c t m  Towhness and Using Fracture  

Mechanics ", Materials  Research and Standards, March, 1964. 

2. W. F. Brown, Jr., and J. E. Srawley, Plane S t r a i n  Crack 

, ASTM 

Spec ia l  Technical Publ ica t ion No. 410, 1w. 
, 

3-  R. H. Christensen, M. S. Tucker, and K. R. Wilson, Crack 

Douglas Report No. SM-48401, dated July, 1965. 



For th g m a t e r  portion of tests i n  the t e s t  progrm it was desimd t o  

,*st specimns containinpf flaws of a precise p m - s e h c b d  s ize .  Dwing 

a1 psa-crackj t~ ,  op%ical means w e n  w a d  t o  m e a s w  crack l e ~ t h  

i n  order t o  terminate the operation when the crack had grown t o  within 

a isv thousandths of an inch of the desired length. Z t  was not possible, 

however, t o  predict  accurately the crack depf;h achieved i n  the pre-cracking 

I o p r a t i o n .  This could only be accomplished by m a s m n g  the f l a w  dinensions 

on the f rac ture  surface a f t e r  mechanical t es t ing .  

X-ray, an excel lent  qual i ta t ive ,  nondestructive t e s t  f o r  cracking, was not 

su i tab le  f o r  W i n g  crack depth determinations. 'Phemfore, an a l t e rna t e  0 
nondestructive Leet was sought which could provide quanti tat ive data 

r e l a t i ng  t o  flaw depth pr ior  t o  specimen tes t ing .  The method employed 

consisted of taking eddy c n-k readings both i n  the m a  of the flaw and 

i n  sound weld metal, using the F. W. B e l l  Model lO9O Magnetic Reaction 

Analyzer (MU) which has been described elsewhere ( ~ e f e r e n c e  A-1). Later, 

following mechanical tes t ing,  ac tua l  flaw depth was masured and w a s  

p lot ted against  the MRA reading t o  generate a curve f o r  flaw depth vs. l4RA 

/ $ '  reading. / ; 

i The diffe=nce between crack and sound weld HBA readings, and the 

cormsponding crack depth m a s w m n t s  from the several  v i rg in  and 





nondtstrrrctim t e s t  o f  crack depth. Considerable scatter i n  t e s t  date 

W= obeemd.  i c u m l y ,  i n  "che deep f h w  mgion ( 0 ~ x 0  t o  0.180- 

inches), the range of f l au  ~ i w s  most oPken used i n  Lhirs study, the 

da ta  exhib i t  the  most s ca t t e r .  I n  t h i s  region crrnck depth could be 

p w r d i c ~ d  t o  an acc cy of only $ 0.020-inch. I n  the shallow flaw 

r q e ,  under 0.100-inch, where the c is  f l a t t e r ,  a suf f ic ien t  

n m h r  of epacimns wm not a m i l a b k  t o  accurately eetabl ish the 

MRA reading s c a t t e r  band. 

S a a t l s r  i n  t e a t  data was due t o  s e w r a l  factors ,  most of which are 

known, and which can be acaounted f o r  with su f f i c i en t  t es t ing .  Weld 

mtal  chemietry changes alter the MjRA madings whether a flaw i s  

prrssent or not. Obviously, repaired welds, which contain greater  and, 

p r h a p ,  m o m  widely varying mounts of 4043 (5 per cent s i l i con )  filler 

a l loy  will give MRA madings d i f fe ren t  from v i rg in  welds. Changes i n  

the  m t a l l u r g i c a l  ~ ~ t r u a t m  of the weld deposit can a l so  produce changes 

i n  readings. Such changes may occur as  the r e s u l t  of the h i s to ry  of 

a i au l a r  specitaen. Proof tes t ing,  f o r  exmple, can cause varying 

d e p e s  of yielding of the weld deposit, depending on the  stress ~ e v e l  

and the  chemistry ( d r g i n / ~ p a i r )  of the  weld deposit.  mermal trea-tmnts, 

too, such as the 160%~ 70 haur cure t h a t  several  of the  speeimns were 

given, may w e l l  a f f ec t  the MRA readings. Crack or  noQch opening fu r the r  

i f l l uencss  MRA readings. The EDM notchee were machined t o  a gap of from 

0.005 t o  0.010-inch. Again, proof tes t ing,  which tends t o  o p n  flaws may 



0 her &feet %he maQ8f wrse Rnsrlw, material thieknese vaELJzf one, 

p m s i b b  caused by i a % i o ~ s  i n  *& weld ~ h a f i w  opm%fon,  ell also 

ps8ucet differencesr i n  F.";BA mendiws. Hone of the a b m  

the excapti  on sS: nohhes  mr su  e ~ a c k s  wre e o n e i d a ~ d  in t h f ~  e2for-b. 

&%her f ac t a s s  W"B%ch m y  ham s ign i f i can t ly  &iee%ed $est  s c a t t e r  a r e  

p e i b l a ,  inaonais-ncies i n  ca l ib ra t ion  m d  cast-up of' the  e sppa tue  

mdv icular ly ,  o p r a t i o n a l  dif f iculky i n  h o l d i v  the probe t i p  om the 

fn order t o  u t i U m  e f f ~ i c t i w l y  the eddy c n% b 8 t  mthod of non- 

d e s t r u c t i w l y  dehrmlning flaw depth addi t ional  exmr imnta t ion  will 

be mquimd.  More data  i s  pafiiculczrly needed i n  the shallow flaw 

range. It w l l l  be necessary t o  dlcvelop c o m c t i o n  fac tors  for  each of 

the  semrcll m i a b l a s  which rn known t o  influence eddy c u r n n e  rrsadings. 

As an al tarnat ive,  it m a y  be pmferable t o  wnera te  cmck depth vs W 

s f o r  each alloy,  =%@rial  th ickwss,  and e n v i r o m n t a l  h i s tory  

under which specilaens may be tes ted.  Feas ib i l i ty  of tihe method has been 

demonstrated. 

A .  W. W. Reinhardt, '%ondestructive miokness B a s w m n t  of m a - m e r m  

Coatingst', Dowlae &port DAC 59588, t o  be published 1968. 
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